The budding yeast Saccharomyces cerevisiae has been used in the fermentation of various kinds of alcoholic beverages. Although ethanol is a final product of anaerobic fermentation of sugars by yeast, it is toxic to yeast cells and induces stress responses such as the expression of heat shock proteins and the accumulation of trehalose. 1) But the effect of ethanol on the cell growth, cell cycle, and morphogenesis of budding yeast is unclear.
To investigate the effect of ethanol on the cell growth of yeast, we used the S. cerevisiae laboratory strain W303 (MATa trp1 leu2 ade2 ura3 his3 can1-100, from Rothstein). First we examined the effect of various concentrations of ethanol on the growth of wild-type cell culture (WT) of the early-log phase (1{2 Â 10 6 cells/ ml). A 6% concentration of ethanol decreased the growth rate of the cells by 50% (data not shown). By using this concentration of ethanol, we examined the effect of ethanol on cell growth. Cell growth was inhibited for 2 h after the addition of ethanol and resumed after 3 h (WT in Fig. 1A) . To investigate the details of the growth inhibition, we examined cell cycle progression, morphology, and cell size in the presence of ethanol. The FACS (flow-cytometry analysis) profile of the culture showed that the addition of ethanol causes a decrease in cells of S-phase, the boundary region between 1C and 2C (see the profile at 1 h in 6% EtOH in Fig. 1B ). The populations of cells with unbud, small bud, or large bud changed little in the presence of ethanol (Fig. 1C ). The cell size of mother cells increased ( Fig. 1D ). These results suggested that transient growth inhibition due to ethanol result from a delay in the interphase of the cell cycle.
To investigate the effect of ethanol on actin cytoskeleton, we examined the distribution of F-actin in WT cells in the presence of ethanol. In the absence of ethanol, F-actin is localized as patches at the polarized growing regions, bud site, and bud neck, and actin cables were observed too ( Fig. 2A , 0 min). But F-actin at the polarized growing regions was dispersed throughout the cells within 10 min after the addition of ethanol, and actin cables were disrupted by the addition of ethanol. Dispersion of F-actin was observed until at least 60 min after the addition of ethanol ( Fig. 2A) , and F-actin was re-localized to the polarized growing regions at the restart of growth (data not shown). This result indicated that the spatial organization of the actin cytoskeleton is transiently disrupted by the addition of ethanol.
Since the above results indicated that ethanol induces a delay in the cell cycle, we investigated whether the y To whom correspondence should be addressed. Tel: +81-82-424-7764; Fax: +81-82-424-7045; E-mail: dhirata@hiroshima-u.ac.jp Biosci. Biotechnol. Biochem., 68 (4), [968] [969] [970] [971] [972] 2004 Communication regulator(s) of cell cycle progression are important for cell growth in the presence of ethanol. We examined the ethanol-sensitivities of various mutants that are defective in a negative regulator of Cdc28-Clb kinase (SWE1), a negative regulator of the SWE1 transcription (ZDS1), regulators of protein-degradation (MET30, CDC4, and CDC23), signal transduction pathways (CNB1, MPK1, HOG1, MCK1/SCZ10, PKC1), transcription factors (SWI4 and SWI6), and microtubuleregulating factor (BIM1). Among these mutants, nine A-D: Ethanol (final concentration 6%) was added to cultures of wild-type (WT, W303/DHT22-1B) and Áswe1 cells grown to early-log phase (1{2 Â 10 6 cells/ml) in YPD medium at 25 C. The cells taken at the times indicated were used for measurement of cell growth (A), FACS analysis 2) (B), morphology (C), and size of mother cells (D). Cell growth (A) was measured by Sysmex F-820 (SYSMEX CO.). Cell Morphology (C) was classified into three groups: large bud (bud size approximately up to 25% of mother cell), small bud (bud size less than 25% of mother cell), and unbud cells. The long axis (L) and short axis (S) of the mother cells were measured in D. mutants, Áswe1, met30, cdc4, Ámpk1, cdc23, Áswi4, mck1, pkc1, and Áswi6, exhibited ethanol sensitivity ( Fig. 3) , indicating that these genes are important for cell growth in the presence of ethanol. We focused on the role of Swe1 in the presence of ethanol, because ethanol induces a delay in the inter-phase of the cell cycle and Swe1 negatively regulates the onset of mitosis by inhibiting Cdc28-Clb kinase. 5) To investigate the role of Swe1 in cell growth in the presence of ethanol, we examined cell number, cell cycle progression, morphology, and cell size of the SWE1-deleted cells (Áswe1) after the addition of 6% ethanol. A delay in cell growth in the Áswe1 cells was observed as in the WT cells ( Fig. 1A) . Furthermore, in the Áswe1 cells, a decrease in cells of S-phase was observed as in WT (see the profile at 1 h in 6% EtOH in Fig. 1B ), and unbud cells increased and cells with large bud decreased (Fig. 1C ). These results indicated that an inhibition of the G1-S transition but not of the G2-M transition occurs in the Áswe1 cells. Consistent with this result, the increase in cell size of the Áswe1 cells was less than that of the WT cells ( Fig. 1D ), indicating that Swe1 is involved in cell size control in the presence of ethanol. A dispersion of F-actin after the addition of ethanol in the Áswe1 cells was observed as in the WT cells ( Fig. 2B ).
Swe1 negatively regulates the onset of mitosis by inhibiting Cdc28-Clb kinase. 5) It is possible that Swe1 is up-regulated by the addition of ethanol. To investigate this, we examined the level of the Swe1 protein in the presence of ethanol. As shown in Fig. 2C , the Swe1 protein level increased within 10 min after addition of ethanol. After 20 min, the Swe1 protein level decreased to the basal level (at time 0). Swe1 is targeted for rapid degradation in G2/M during the cell cycle. 6) A signal produced by ethanol might transiently inhibit the ubiqutin-proteasome system for Swe1-degradation.
To identify the genes that are important for cell growth in the presence of ethanol, we investigated A: The indicated mutants of the W303 strain freshly cultured on YPD solid medium were serially diluted (10{1 Â 10 7 cells/ ml), spotted onto YPD solid medium containing the indicated concentrations of ethanol, and cultured at 28 C for 3 days. B: The ethanol sensitivities of the indicated mutants of the BY4741 strain were examined as in A. comprehensively the ethanol-sensitive strains in the complete set of 4,847 non-essential gene deletions.
Since the genetic background of strain BY4741 (MATa his3-1 leu2-2 met5-0 ura3-0, from Invitrogen) used in the deletion set is distinct from that of strain W303, we first examined the ethanol sensitivity of the BY4741 deletion mutants, Ámpk1, Áswi6, and Áswe1, which showed ethanol-sensitivity in W303 background. The BY4741 WT cells were more resistant to ethanol than the W303 WT cells (Fig. 3) . The Ámpk1 and the Áswi6 but not the Áswe1 in the BY4741 strain showed ethanolsensitivity (Fig. 3B ). An increase in cell size of the mother cells in the BY4741 WT cells was observed, as in the W303 WT cells (data not shown). These results suggested that the ethanol-sensitivity of the mutants and the importance of the G2-M regulating system are dependent on genetic background. To investigate the ethanol-sensitive mutants in the BY4741 strain, we used a concentration of 6-11%. We identified 256 genes that are important for cell growth in the presence of 11% ethanol. Furthermore, 181 genes (underlined in Table 1) in the selected 256 genes were important for cell growth in the presence of 8% ethanol. The 256 genes selected were classified into twelve groups according to the presumed function of the gene product based on information from the SGD (Saccharomyces Genome Database) ( Table 1 ). These results indicated that various biological functions are important for cell growth in the presence of ethanol. What is the primary signal for the cell cycle delay? The addition of ethanol caused a delay in the cell cycle associated with transient dispersion of F-actin, resulting in an increase in cell size. It is possible that ethanol activates the morphogenesis checkpoint 7, 8) monitoring the establishment of polarity in bud formation in budding yeast. The perturbation of actin localization by ethanol might be a primary signal for induction of the cell cycle delay. It would be interesting to investigate the relationship between the morphogensis checkpoint and the genes identified. Furthermore, since depolarization of F-actin has been observed on exposure to heat or osmotic stresses, 9, 10) it is interesting to investigate whether the genes identified in this study are important for cell growth under such conditions.
